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Biocomposites reinforced by natural plant ﬁbers tend to be brittle, moisture sensitive and have limited
strength. Wood cellulose nanoﬁbers (CNF) were therefore used to reinforce an unsaturated polyester
matrix (UP) without the need of coupling agents or CNF surface modiﬁcation. The nanostructured CNF
network reinforcement strongly improves modulus and strength of UP but also ductility and toughness.
A template-based prepreg processing approach of industrial potential is adopted, which combines high
CNF content (up to 45 vol%) with nanoscale CNF dispersion. The CNF/UP composites are subjected to
moisture sorption, dynamic thermal analysis, tensile tests at different humidities, fracture toughness
tests and fractography. The glass transition temperature (Tg) increases substantially with CNF content.
Modulus and strength of UP increase about 3 times at 45 vol% CNF whereas ductility and apparent
fracture toughness are doubled. Tensile properties at high humidity are compared with other bio-
composites and interpreted based on differences in molecular interactions at the interface.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
The use of natural ﬁbers (cellulosic plant ﬁbers) as reinforce-
ment for polymers is of interest due to the favorable mechanical
properties of the ﬁbers. Plant ﬁbers are considered as a substitute
for the more commonly used glass ﬁbers. The recent breakthrough
in isolation of cellulose nanoﬁbrils (CNF, also termed ‘cellulose
nanoﬁbers’) with low energy consumption has opened new pos-
sibilities for these ‘green’ materials [1e3]. Cellulose nanoﬁbrils are
the primary load carrying unit in plant ﬁbers and have high tensile
modulus. During the past decade, the interest in nanocellulosic-
based materials has gradually increased, including nanocellulose-
reinforced composite materials [4e6].
In the present study, CNF is reinforcing unsaturated polyester
(UP), one of the most commonly used thermoset resins. UPs are
short chain prepolymers formed by condensation reaction between
diols and di-functional unsaturated and saturated acids. This olig-
omer is mixed with up to 40 wt% styrene, which gives a ﬂuid and
processable resin and serves to crosslink the resin into a three-lymer Technology, KTH Royal
n.
r Ltd. This is an open access articledimensional molecular network [7,8]. The properties of the resin
can be tuned by variation in either the type of acid/diol or their
relative amounts. This, combined with low cost, wide availability
and ﬂexible processing characteristics, makes UP attractive for a
wide variety of applications including adhesives, automotive
components, boat hulls, small aircraft structures, etc. Existing
literature on CNF/UP composites primarily focuses on low content
of CNF (up to 20%). Chirayil et al. [9,10] studied UP composites with
CNF content up to 5 wt% and observed that the mechanical prop-
erties were favorable at 0.5 wt%. The drop in properties at higher
CNF content is usually due to agglomeration of the ﬁbrils, and the
agglomerates initiate premature failure. A reduction in gel time of
UP in the presence of CNF was reported and it was suggested that
CNF accelerates the curing reaction. The mechanism for such an
effect is unclear.
Coupling agents have been used to improve cellulose-UP in-
teractions at the interface. Hu et al. [11] used silanes to modify
bacterial cellulose (BC) ﬁbrils, which were then mixed with UP
resin. At 10 vol% of ﬁbrils, the strength increased from 60 MPa for
untreated BC composites to 131 MPa for the treated BC counter-
parts, possibly due to improved dispersion and stress transfer at the
interface. Gao et al. also modiﬁed BC ﬁbrils with silanes and the
strength was optimum at 20 vol% ﬁbrils [12]. More recently,under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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nanocrystals and studied UP composites with up to 6 wt% of
nanocrystals [13]. Builes et al. used block copolymers to disperse
1wt% of CNF in UP resin, and observedmarginal increase in fracture
toughness [14]. Since coupling agents represent a signiﬁcant cost
when used with high speciﬁc surface area nanoﬁbers, no coupling
agents are used in the present study.
A signiﬁcant advantage of CNF is the ability to form a network
when ﬁltered from water suspension. This network, often referred
to as nanopaper, has a modulus of ca. 10e14 GPa and a strength up
to 300 MPa [6,15e17]. After ﬁltration, the wet network of ﬁbrils can
be dried to form a porous template [16,18], which can serve as mat
reinforcement for cellulose biocomposites. The problem with
agglomeration is reduced in this approach since the CNF can be
preserved in the form of a well-dispersed nanoﬁber network. Yano
et al. [19] impregnated a nanopaper with acrylate monomers fol-
lowed by hot-pressing and curing. The resulting composites
showed high optical transparency. Formaldehyde, epoxy (EP) and
other resins for thermoset polymers have been used to prepare
composites with CNF via similar network approach [19e23].
In the present work, we report on UP biocomposites with high
CNF content. A speciﬁc aim is to preserve individual, discrete
nanoﬁbers and other nanostructural features of the CNF network
also in the biocomposite structure. The strain hardening and
ductility of the nanostructured nanopaper network by itself can
possibly address the intrinsic brittleness problem of UP thermosets.
Nanostructured UP biocomposites with CNF content as high as
45 vol%, much higher than in any previous study, are successfully
processed and characterized. The effect of moisture is studied by
mechanical testing of the materials at different relative humidities.
The roles of the interface and matrix characteristics as well as the
importance of nanoscale dispersion of individual cellulose nano-
ﬁbers are discussed.
2. Materials and methods
The Polyester used in this work was an isophthalic acid based
unsaturated polyester under the trade name Aropol™ S580, kindly
supplied by Ashland. Benzoyl Peroxide (BOP) (25% in water) was
obtained from Sigma Aldrich.
Cellulose nanoﬁbrils (CNF) were prepared from never-dried
pulp containing 13.8% hemicelluloses, 0.7% lignin (kindly supplied
by Nordic Paper, Sweden) according to a method reported by
Henriksson et al. [1]. Wood pulp ﬁbers are based on ﬁbers in the
form of tubes of about 3mm in length and 25 mm in diameter with a
cell wall thickness of 2e5 mm. The pulp ﬁbers (obtained as a wet
cake with a dry content of ca. 20%) was suspended in water and the
solid content was adjusted to ca. 2 wt%. It was then pretreated via
enzymatic action (Novozym® 476) which facilitated the subsequent
disintegration process. Thereafter, the pulp ﬁber suspension was
passed through a microﬂuidizer (Microﬂuidics Inc, USA), with
chambers of 400 mm/200 mm (3 passes) and 200 mm/100 mm (5
passes). High shear forces act on the ﬁbers when passed through
the microﬂuidizer. As a result, individual CNF nanoﬁbers are dis-
integrated from the ﬁbers, with diameters below 10 nm and lengths
in the range of typically 0.8e2 mm. No large cell wall fragments
were present in the CNF used. After processing, the CNF was ob-
tained as a stable viscous gel (~2 wt% dry content). The speciﬁcs of
the enzymatic pretreatment and the ﬁbrillation process have been
discussed in detail in Refs. [1,24].
2.1. Processing
The gel like suspension of CNF was diluted to 0.1% concentration
in order to facilitate subsequent ﬁltration. The suspension washomogeneously dispersed by mechanical stirring in an Ultraturrax
(model D125 Basic, IKA, Germany) at a speed of 10,000 rpm. The
shearing was carried out until the bundle like ﬂocculates of CNF gel
(a few mm in size) were well dispersed, which typically took
10 min. A detailed study of CNF colloidal suspensions is carried out
in Refs. [25,26], where dynamic light scattering data is used to
conﬁrm the lack of large aggregated particles. The suspension was
ﬁltered over vacuum using a 0.6 mmpore sizemembrane (Millipore,
USA), to ensure that the ﬁbrils were not lost during ﬁltration. The
water in the CNF template was exchanged to acetone by placing the
network in an acetone bath.
The impregnating solution was a combination of UP and
acetone, mixed in a predetermined ratio. 3 wt% BOP was added as
the initiator. UP curing takes place by styrenemonomers reacting to
form short chemical crosslinks between double bonds on the
polyester molecules [7,8]. The CNF-acetone template was soaked in
the UP-acetone solution. The amount of UP in the UP-acetone so-
lutionwas varied to obtain composites with different compositions.
The CNF template was impregnated in solutions containing 80%,
40% and 20% of UP (in acetone) to obtain composites with 16, 30
and 45 vol% of CNF respectively. The template was later removed
from the bath and kept at room temperature (for a few minutes) to
allow the acetone to evaporate. It was then cured at 90 C for 2 h
followed by post curing at 140 C for 3 h. The evaporation of
acetone and curing at high temperature caused the loss of some
styrene. However, the weight loss was minimal (less than 5% by
gravimetric analysis) since benzoyl peroxide decomposes rapidly at
90 C to start the curing reaction. The samples were then hot
pressed (Fontijne Presses) for 30 min at 120 C at a pressure of
5 MPa. Composite samples of 100e200 mm thickness were ob-
tained, while the wet CNF-acetone preform had a thickness of
~500 mm. Fig. 1a summarizes the preparation process. The neat CNF
sheet was prepared by drying the wet CNF nanopaper between
ﬁlter papers at 93 C for 15 min, in vacuum.
The weight fraction of CNF in the ﬁnal composite was deter-
mined based on the initial dry weight of CNF in the suspension and
the ﬁnal weight of the dried composite. Conversion was performed
using a density of 1.18 g/cm3 for UP and 1.5 g/cm3 for CNF [27]. Vol%
is used to describe CNF content in composites.
2.2. Characterization
Fourier transform infrared spectroscopy (FTIR) analysis was
performed on a Perkin Elmer spectrum 2000 using a triglycine
sulfate (TGS) detector. The FTIR instrument was equipped with a
Golden Gate single reﬂection diamond ATR-accessory fromGraseby
Specac Ltd. The spectra were collected in the range of
4000e600 cm1.
The mechanical properties were measured on Instron 5944
(500 N load cell). Rectangular samples (30 mm by 5 mm) were
conditioned at 23 C and Relative Humidity (RH) of 50% (or 90%) for
2 days and tested in tensile mode at a strain rate of 10%/min. The
strain was measured using 2D Differential Speckle Photography
(DSP) and correlation was done with a LIMESS software. The values
reported here are averaged over a minimum of 5 samples. The
weight change of the samples during moisture sorption was
measured and is presented as % increase based on the initial weight
(dry) of the composite. Yield stress for the composites was calcu-
lated from the intersection of the tangents at the initial elastic re-
gion and the following plastic region; for the neat UP, a line parallel
to the elastic region at an offset of 0.2% was drawn and its inter-
section with the curve taken as yield stress. The strain hardening
coefﬁcient was calculated from the Hollomon's equation. The en-
gineering stress (and strain) were ﬁrst converted to trues stress/
strain, and were thereafter ﬁtted in an exponential relation to
Fig. 1. (a) An illustration of the preparation method, note that impregnation occurs by UP component diffusion from UP-acetone solution (b) Surface morphology of CNF aerogel
corresponding to the CNF network used in the present study.
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st ¼ Kεnt (1)
Where st is true stress, εt is the true strain, k is a constant and n
represents the strain hardening coefﬁcient. The value of n was
calculated from the slope of a logarithmic plot of equation (1).
A micromechanics model (equation (2)) based on a combination
of the Halpin Tsai model (equations (4) and (5)) and rule of mix-
tures (equation (3)), originally developed to predict the modulus of
random-in-plane composites with cylindrical ﬁbers [29,30], was
used to back-calculate the effective CNF modulus.
EC ¼
3
8
EL þ
5
8
ET (2)
where,
EL ¼ Ef ;l$Vf þ Em$

1 Vf

(3)
ET ¼ Em
 
1þ 2$h$vf
1 h$vf
!
(4)
h ¼

Ef ;t  Em


Ef ;t þ 2Em
 (5)
In the above series of equations, Vf and Vm represent the volume
fraction of CNF andmatrix respectively; Ec, Em, Ef,l, Ef,t represent the
composite modulus, matrix modulus, axial CNF modulus and
transverse CNF modulus respectively. Experimental values of Em
and Ec were used in these equations, Ef,t was taken as 15 GPa [31]
and Ef,l was treated as the unknown variable. By substituting the
respective values, Ef,l was calculated for each volume fraction of the
composite. The value of Ef,l so calculated is a measure of the
effective contribution from the CNF.
Fracture surfaces from tensile tests (at RH 50%) were observed in
a Field-Emission Scanning Electron Microscope (FE-SEM) (Hitachi
S-4800, Japan) after sputtering the surface with a few nanometer-
thin platina-palladium layer.
Dynamic Mechanical Thermal Analysis (DMTA) testing wasdone on a TA instrument Q800 in tensile mode. Sample size was ca.
3 mm by 10 mm. Measurements were taken at a frequency of 1 Hz
and an amplitude of 10 mm in the range of20 C to 200 C at a rate
of 5 C/minute. The glass transition temperature was estimated
from the position of the loss modulus peak.
A fracture toughness measure for the materials was obtained
from single edge notched specimens. The width (w) of the samples
was in the range of 7e10 mm and cracks of lengths a ¼ 3e5 mm
were introduced above the glass transition temperature. Samples
with a/w in the range of 0.45e0.55 are reported here. Crack growth
started at maximum stress and resulted in immediate catastrophic
failure. The apparent fracture toughness was calculated from the
following equation [32].
KQ ¼ Ysa0:5 (6)
where; KQ ¼ apparent fracture toughness, s ¼ maximum stress at
failure, a¼ crack length, Y is the geometry factor and for single edge
notched specimens is expressed by the following equation.
Y ¼ 1:99 0:41ða=wÞ þ 18:7ða=wÞ2  38:48ða=wÞ3
þ 53:85ða=wÞ4 (7)
All samples tested for fracture toughness were 200 ± 20 mm in
thickness. Samples are unlikely to be subjected to plain strain
conditions; hence the term KQ is used when referring to apparent
fracture toughness.3. Results and discussion
3.1. Processing
The composites were prepared using a prepreg approach. The
ﬁnal prepreg consists of a random-in-the-plane cellulose nanoﬁber
network in a matrix of soft, unreacted UP mixture. This prepreg can
thus be stacked and shaped into 3D structures, to be cured at
elevated temperature. The prepregs can also be used as an adhesive
ﬁlm.
A dilute colloidal water suspension of CNF (0.1 wt% solid con-
tent) was ﬁrst ﬁltered using vacuum to obtain a wet CNF network
[25,26,33]. In order to preserve the dispersion of individual nano-
ﬁbers, this network was solvent exchanged to acetone and then
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nation, the acetone was evaporated and composites were cured at
elevated temperature. By diluting the impregnating solution to
different extents, thematrix content diffusing into the CNF network
could be controlled. This procedure ensures fairly well-dispersed
CNF ﬁbrils, compared with UP impregnation of dried and porous
CNF mats.
Unsaturated polyesters can have a molar mass up to several kDa
andwould theoretically diffuse slower than styrenemonomers into
the CNF network. However, in this study the impregnating solution
was diluted with acetone. This facilitated UP diffusion. This was
conﬁrmed by spectroscopic analysis where the intensity of
carbonyl peaks (from polyesters) and aromatic peaks (from sty-
rene) from FTIR spectra were compared for the neat UP matrix and
also for the composites. The ratio of these two peaks was approx-
imately the same, indicating that the relative amount of the two
components (styrene and polyester) was the same in the com-
posites as in neat UP.
The starting network with 15 vol% dry content (used in this
study) corresponds to a network with 85% porosity. The network
structure of a CNF network with 15% dry content, prepared by su-
percritical drying as described in Ref. [13] is presented in Fig. 1b.
This structure is comparable to the network in the present CNF-
acetone gel. The pore size is at the 100 nm scale. Note that the
scale of the structure is very ﬁne; a typical plant ﬁber diameter is
about 20 times the width of Fig. 1b. One advantage with ‘conven-
tional’ plant ﬁber based composites is that there are industrial
processing methods available. CNFeUP processing at an industrial
scale remains a challenge, but the present process is one possibility
with an industrial potential.
3.2. Mechanical and hygro-mechanical properties
The storage modulus (E0) as a function of temperature (T) is
presented in Fig. 2a. The composites have improved modulus,
which increases with increasing CNF content. The neat UP as well as
the composites are stable up to 60 C, after which the glass tran-
sition begins. The neat UP undergoes a broad transition and the
modulus is reduced by 2 orders of magnitude. The broad transition
is because the distribution of styrene cross-links is heterogeneous
in length and location. The CNF/UP composites preserve high
modulus even after the Tg because the CNF network retains me-
chanical integrity. The reinforcement effect of the CNF is stronger in
the rubbery state. The rubbery state modulus of the 45% CNF/UP
composite is even higher than the glassy state modulus of the neat
UP matrix.Fig. 2. DMTA plots of (a) Storage Modulus vs temperature (b) LossThe glass transition temperature (Tg), calculated from the loss
modulus peak is reported in Table 1. Tg of the composites increases
strongly with increased CNF contente from 66 C for the neat UP to
78 C for the 45% CNF/UP composite. This is apparent in Fig. 2b as a
shift in the peak to higher temperatures. The Tg increases by ca. 7 C
when 16% CNF is added to the matrix, and then increases gradually
with CNF content. Increased Tg indicates constrained molecular
mobility in the UP network due to the proximity of high speciﬁc
surface area CNF ﬁbrils. In the present system, carbonyl groups
from UP may interact with the surface hydroxyls of CNF via
hydrogen bonding and other secondary interactions [9]. The CNF/
UP interface has an important role in determining the composite
properties, as will be discussed in the coming sections.
To further evaluate the mechanical performance, uniaxial ten-
sile tests were carried out. The stress-strain curves are reported in
Fig. 3 and mechanical properties as a function of CNF content are
presented in Fig. 4. The strong reinforcement effect of the CNF
network is obvious in Fig. 3a. Neat UP shows limited plastic
yielding, and ultimate fracture takes place just beyond the yield
point. The composite curves are similar in terms of characteristic
tensile behavior. The composites show linear behavior until a strain
of 1e2%, after which they yield and undergo linear strain hardening
until fracture. Despite the quantitative differences, this character-
istic stress strain behavior is preserved at high humidity (Fig. 3b),
indicating that the CNF network characteristics are weakened but
not totally lost even at RH 90%.
The neat UP fails at a strain as low as 3.4%, which increases to
7.6% when 45 vol% CNF is added. This is contrary to typical effects
from addition of reinforcing particles or ﬁbers, where the strain to
failure tends to decrease. In the present case, the strain to failure for
the composites surpassed that of the neat UP as well as the neat
CNF network. This synergy between the two components is inter-
esting and unusual. Failure in thermosets typically starts with the
formation of shear bands, which then intersect so that nanoscale
cavities are formed followed by crack growth to cause macroscopic
fracture [34]. The CNF networkmay limit the formation and growth
of nanoscale cavities, thereby delaying biocomposites failure to
higher strains.
For better understanding, mechanical properties as a function of
CNF content are plotted in Fig. 4 and also reported in Table 1. At a
relative humidity of 50%, the reinforcement effects are strong e
modulus and ultimate strength increase as the CNF content in-
creases. The mechanical performance of composites based on CNF
and UP have been reported to increase up to a certain CNF content
(typically a few wt%), after which the dispersion of the CNF be-
comes a probleme both strength (and occasionally modulus) beginmodulus vs temperature for neat UP and CNF/UP composites.
Table 1
Data for CNF/UP characteristics and mechanical properties.
CNF vol
%
Elastic Modulus
(GPa)
Yield strength
(MPa)
Strain hardening
co-efﬁcient
Ultimate strength
(MPa)
Strain to failure
(%)
Moisture sorption
(wt %)
Toughness KIQ
(MPa.m0.5)
Tg
(oC)
RH 50
0 2.9 ± 0.2 49 ± 2.0 e 54.5 ± 4.8 3.4 ± 0.3 0.9 2.5 ± 0.3 66
16 5.8 ± 0.4 88 ± 2.1 0.27 ± 0.02 106 ± 3.4 6.4 ± 0.6 2.2 3.5 ± 0.3 73
30 7.0 ± 0.4 93 ± 6.4 0.40 ± 0.03 156 ± 9.0 7.4 ± 0.8 2.6 6.4 ± 1.0 75
45 8.5 ± 0.6 103 ± 1.4 0.42 ± 0.02 173 ± 12 7.6 ± 1.3 4.6 6.1 ± 0.7 78
100 14.9 ± 0.8 111 ± 4.0 0.50 ± 0.02 243 ± 16 6.0 ± 0.2 7.8 9.2 ± 0.4 e
RH 90
0 2.7 ± 0.1 44 ± 1.5 e 52.0 ± 1.7 4.3 ± 0.4 2.3
16 4.0 ± 0.4 52 ± 2.5 0.48 ± 0.04 97.7 ± 6.6 9.9 ± 0.5 5.7
30 5.0 ± 0.5 52 ± 2.7 0.60 ± 0.02 115 ± 24 7.5 ± 2.2 6.9
45 6.0 ± 0.3 54 ± 5.9 0.82 ± 0.04 155 ± 18 8.5 ± 1.7 7.8
100 9.4 ± 0.4 65 ± 5.0 0.70 ± 0.07 226 ± 14 8.3 ± 1.2 14
Fig. 3. Representative stress strain curves for neat UP and CNF/UP composites conditioned at (a) Relative humidity of 50% and (b) Relative humidity of 90%. The numbers in the
legend indicate the volume % of CNF. The curves for neat CNF are obtained from Ref. [23].
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strength and modulus increase continuously with the addition of
the CNF network, indicating that CNF agglomeration is limited even
at 45 vol% CNF. This is primarily due to the processing strategy
adopted, where a preformed CNF network was used so that the CNF
agglomeration during mixing/drying was prevented to a large
extent. The CNF network increases the yield strength of the matrix,
in particular at 15 vol% CNF, and CNF also allows for substantial
plastic deformation and delays catastrophic UP failure, see Fig. 3.
This is very different from biocomposites based on plant ﬁbers with
diameters at the 10 mm scale, where high ﬁber content correlates
with low ductility [35] due to failure initiation at low strain from
ﬁber-matrix debonding.
The composite modulus increases almost linearly with CNF
content (Fig. 4a). However, closer scrutiny of modulus and to some
extent strength reveals that lower CNF contents provide a relatively
stronger reinforcement effect. This can be better understood by
back-calculating the effective CNF modulus (ECNF, effect) in the
different composites (see equations (2)e(5)). The effectivemodulus
so calculated, represents the contribution inmodulus from the ﬁber
phase which can be interpreted to reveal insights about aggrega-
tion effects in the composite. The value of ECNF, effect is 42 GPa for
16% CNF/UP and goes down to 29 GPa and 25 GPa for 30% CNF/UP
and 45% CNF/UP respectively. This means that the relative contri-
bution from CNF to the composite modulus is higher for 16% CNF/
UP than at higher CNF content. One may speculate that an impor-
tant reason is that there is a larger fraction of CNF agglomerates at
high CNF content, and this results in less efﬁcient reinforcement
due to the CNFeCNF interfaces. As water enters the interface at
elevated humidity, load transfer between ﬁbrils will becompromised. The strain-hardening coefﬁcient (slope in plastic
region) also increases with CNF content, see Fig. 4c. Reorientation
and stiffening of the CNF network during deformation results in
higher stress as the CNF content is increased. Since the coefﬁcient is
lower for neat CNF, the UP matrix has a positive contribution to the
strain-hardening coefﬁcient by bonding the nanoﬁbers together so
that a speciﬁc strain results in higher stress. There is very little
effect of CNF content on yield strength at 90%RH, and this is
interesting. Most likely, the reason is decreased CNFeUP interface
adhesion due to interfacial water. It indicates that interfacial
adhesion is important for yield strength.
3.3. Fracture surfaces
High resolution FE-SEM images of the composites are presented
in Fig. 5. A layered morphology can be discerned even at 16 vol%
CNF. However, it is not possible to see any signs of CNF agglomer-
ation. On the contrary, individual ﬁbrils are apparent as white dots
and are well dispersed at the scale of 100 nm, especially for the
16 vol% CNF/UP. The higher magniﬁcation images (Fig. 5b, d) reveal
roughness at the scale of 1 mm, corresponding to local plastic
deformation of the UP.
3.4. Role of moisture
In order to better understand the interfacial characteristics,
composites were tested after conditioning at 90% relative humidity.
The modulus and yield strength drop considerably. The composites
adsorb signiﬁcant amounts of moisture (see Table 1). At high hu-
midity, water molecules are likely to be preferably located at the
Fig. 4. The effect of CNF content on (a) Young's Modulus (b) Yield Strength (c) Strain Hardening Coefﬁcient (see Eq. 1) and (d) Ultimate Strength at a relative humidity of 50% (hollow
squares) and 90% (full squares).
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interfacial adhesion between CNF and UP.
This is especially evident for yield strength data; at RH 90%, the
yield strength almost drops down to the value of neat UP. This
implies that while load transfer was favorable between UP and CNF
at RH 50%, this was not the case at RH 90%. The yield phenomenon
is likely to be associated with local shear yielding and CNF/UP
debonding. In a composite with high speciﬁc interfacial area (small
diameter CNF, high volume fraction), yielding may depend strongly
on interfacial CNF/UP adhesion.
Although modulus and yield strength drop signiﬁcantly at RH
90%, the ultimate strength is not affected to the same extent
(Fig. 4d). This is primarily because the characteristic strain hard-
ening behavior of the CNF network is retained, and perhaps even
improved at high humidity. The slope in the plastic region appear to
be unaffected by moisture (Fig. 3). However, a closer analysis using
the quantitative values of strain hardening (Table 1) reveals that the
strain hardening coefﬁcients become much higher at RH 90% (see
Fig. 4c), probably because of the lower stress levels. This implies
that the orientation/realignment phenomenon associated with the
plastic deformation of CNF network is more dominant since it can
operate at lower stress. The orientation/realignment of ﬁbrils
combined with the increased matrix ductility at high RH, provide
mechanisms so that the ﬁnal strength of the material is fairly well
preserved also at high humidity. In earlier cellulose ﬁber compos-
ites work, the moisture sensitivity of UP composites with cellulosic
ﬁbers is signiﬁcant, and is present also when the ﬁbers are chem-
ically modiﬁed with silane compounds [12,35]. For silane-treated
pure bacterial cellulose nanoﬁbers [12], the silane modiﬁcationmay be incomplete so that hygroscopic hydroxyls are still present at
the cellulose nanoﬁber surface.
3.5. Comparison between CNF/EP and CNF/UP biocomposites
In earlier work [23], we reported on CNF/EP biocomposites. This
enables a useful comparison between two of the most commonly
used thermosets reinforced by a nanostructured CNF ﬁbril network.
Such comparisons are often challenging for nanocomposites, since
small differences in degree of nanoﬁber dispersion have strong
effects on properties. An interesting observation is that stress-
strain behavior at low humidity (RH 50%) for different CNF con-
tents is fairly similar for composites based on EP and UP, probably
reﬂecting the dominance of CNF network deformation. The com-
posites have similar modulus and strength and both show the
characteristic strain-hardening behavior. The UP matrix is some-
what stronger/stiffer than the EP matrix [23] (Elastic Modulus e
2.1 GPa and 2.9 GPa, Yield strength: 26 MPa and 49 MPa, Ultimate
Strength: 32 MPa and 54 for neat EP and neat UP resins respec-
tively). This is reﬂected in the slightly better properties of the CNF/
UP nanocomposite.
It is interesting to note that while the CNF/UP composites show
somewhat better properties than the CNF/EP composite at RH 50%,
the case is reversed at RH 90% (see Fig. 6). The CNF/EP composite is
almost unaffected at high humidity and retains its mechanical
properties, while CNF/UP shows strongly reduced modulus and
yield strength. This emphasizes the role of the CNF/polymer
interface e while the CNF/EP interface contains covalent bonds
from amine-promoted hydroxyleepoxide reactions [23], there is no
Fig. 5. FE-SEM micrographs at different magniﬁcations of cross-sections fractured during tensile tests at RH 50% of (a,b) 16 vol% CNF/UP composite and (c,d) 45 vol% CNF/UP
composite.
Fig. 6. Representative stress strain curve of (a) CNF/EP composite (from Ref. [23]) and (b) CNF/UP composite from the present study. Solid lines represent uniaxial tensile tests at RH
50% and dashed lines at RH 90%.
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secondary interactions such as hydrogen bonds and van der Waals
interactions. Moisture is preferentially localized at the interface and
properties are reduced at RH 90%.
3.6. Apparent fracture toughness
In order to further investigate the fracture behavior, single-edge
notched specimens were tested and the data is reported in Fig. 7.
The addition of CNF has a positive effect on the apparent fracture
toughness KQ of the materials. KQ increases from 2.5 MPa m0.5 for
neat UP to 6.4 MPa m0.5 for the 30% CNF/UP. Builes et al. studied
fracture toughness for CNF/UP composites at 1 vol% of CNF andreported only marginal increase [14]. Note that thin specimens do
not meet conditions of plain strain [32]. Most likely, the values
reported in Fig. 7 are higher than would be obtained from thick
specimens meeting plain strain criteria. The fracture surfaces of the
16% CNF/UP are presented at different magniﬁcations in Fig. 7.
Fig. 7a and c shows laminar features at the scale of 5e10 mm, which
correspond to the underlying material structure. At higher mag-
niﬁcations, roughness features are more apparent and nanoﬁbers
are discerned as white dots (Fig. 7c, d). Interestingly, the nanoﬁber
pull-out lengths are very short (Fig. 7d), note the 500 nm scale bar.
Occasional ﬁbrils are 100 nm, but the large majority is much
shorter. Short pull-out lengths indicate strong interfacial adhesion,
which seems reasonable for well-dispersed nanoﬁbers of 5e7 nm
Fig. 7. (a) Fracture toughness as a function of CNF content in the CNF/UP composites. (bed) SEM micrographs at different scales from cross sections in the 16% CNF/UP composite
studied by crack growth experiments. Arrow indicates the direction of crack growth (same for all images).
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The crack growth in the present experiment is immediately
catastrophic as the critical stress is reached for a given crack length.
The increased fracture toughness with CNF content therefore
means that the load-carrying ability of the CNF network provides
increased resistance to crack growth initiation. However, tough-
ening by ﬁber bridging appears to be a negligible mechanism, due
to the short nanoﬁber length.4. Conclusions
CNF was successfully used to reinforce an unsaturated polyester
resin, without the need of complex surface modiﬁcations. A
prepreg-based processing conceptwas used to incorporate asmuch
as 45 vol% of CNF in the resin with preserved nanostructural
characteristics. The processing steps used can be envisaged as a
continuous process, with some adaptations from the conventional
papermaking route. The nanoscale dispersion of the CNF nanoﬁbers
was conﬁrmed and is important for the combination of properties
in the present materials (increased strength and ductility).
Strong CNFeUP synergy was observed in the composites,
reﬂecting the successful nanostructuring of the materials. Despite
the use of a comparably brittle UP thermoset, both modulus and
strength increased with increasing CNF content up to the
maximum content (45 vol%). The Tg also increased from 66 C for
the neat material to 78 C for the 45 vol% composite, indicating
favorable secondary CNFeUP interactions through hydrogen
bonding, Van der Waals interactions and similar mechanisms. The
ductility of the composites and microscopy of the fracture surfaces
provide support for well-dispersed individual CNFs in a continuous
UP matrix. The interfacial adhesion was favorable at RH 50%, since
CNF nanoﬁbers on fracture surfaces were very short (<100 nm). The
favorable dispersion at the nanoscale combined with strong in-
teractions at the interface leads to remarkable improvements inisotropic in-plane mechanical properties of the UP. Comparable
plant ﬁber (z30 mm diameter) reinforced biocomposites show
lower strength and low ductility and higher moisture sensitivity
due to the presence of lignin and hemicellulose and the less
favorable nature of the ﬁber/matrix interface.
Crack growth experiments showed substantially increased
apparent fracture toughness with increased CNF content. The main
toughening mechanisms were intrinsic in nature, in front of the
crack tip, whereas ﬁber bridging from CNF was negligible. Inter-
estingly, in conventional tensile tests, the strain to failure of the
composites was higher than that of neat UP as well as the CNF.
Possibly, cavity growth in UP is constrained by the nanoscale
ﬁbrous network.
The hydrophilic nature of CNF surfaces and thus the CNF/UP
interface reduced mechanical properties at high humidity. The
yield strength, for example, decreased from 93 MPa at RH 50% to
52MPa at RH 90% for the composite with 30 vol% CNF. Although the
properties at 50%RH were comparable for CNF/EP and CNF/UP, the
latter material was much inferior at RH 90%. Most likely, the
CNFeUP interfacial adhesion is reduced since moisture becomes
concentrated at the interface at high humidity.
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